Abstract The clinical significance of tumor-infiltrating immune cells has been reported in a variety of human carcinomas including breast cancer. However, molecular signature of tumor-infiltrating immune cells and their prognostic value in breast cancer patients remain elusive. We hypothesized that a distinct network of immune function genes at the tumor site can predict a low risk versus high risk of distant relapse in breast cancer patients regardless of the status of ER, PR, or HER-2/neu in their tumors. We conducted retrospective studies in a diverse cohort of breast cancer patients with a 1-5 year tumor relapse versus those with up to 7 years relapse-free survival. The RNAs were extracted from the frozen tumor specimens at the time of diagnosis and subjected to microarray analysis and real-time RT-PCR. Paraffinembedded tissues were also subjected to immunohistochemistry staining. We determined that a network of immune function genes involved in B cell development, interferon signaling associated with allograft rejection and autoimmune reaction, antigen presentation pathway, and cross talk between adaptive and innate immune responses were exclusively upregulated in patients with relapse-free survival. Among the 299 genes, five genes which included B cell response genes were found to predict with [85% accuracy relapse-free survival. Real-time RT-PCR confirmed the 5-gene prognostic signature that was distinct from an FDA-cleared 70-gene signature of MammaPrint panel and from the Oncotype DX recurrence score assay panel. These data suggest that neoadjuvant immunotherapy Maria Libera Ascierto and Maciej Kmieciak equally contributed to this study.
Introduction
Mechanisms through which breast cancers recur (locally, regionally or distantly) following conventional therapies remain elusive. According to the current knowledge, the patients with triple-negative tumors (ER-/PR-/HER-2/ neu-) or HER-2 over-expressing and node-positive tumors are at greater risk for cancer recurrence [1] . Several groups have also identified predictors of outcome with gene expression data derived from tumor specimens comprising both tumor and stroma, although samples judged to possess insufficient tumor cell content were generally excluded [2] [3] [4] [5] . In fact, the main focus was on tumor cells rather than on infiltrating host cells. These efforts have resulted in a Food and Drug Administration (FDA)-cleared 70-gene MammaPrint panel and a 21-gene (16 cancer genes and 5 reference genes) Oncotype DX assay panel as prognostic biomarkers for breast cancer recurrence [6, 7] . However, prognostic value of these molecular signatures is limited by the status of the tumor. Studies with focus on stromal gene expression as predictors of clinical outcome in breast cancer patients did not analyze gene signatures expressed by infiltrating immune cells [8] . A few reports with special focus on infiltrating cells emphasized mainly particular immune cells such as lymphocytes or tumor-associated macrophages [9] [10] [11] , rather than a network of immune function genes. Most recent studies showed that T-cell metagene can predict a favorable prognosis in ER negative and HER2-positive breast cancers [12] . Despite the fact that breast tumors are usually infiltrated and/or surrounded with cells of the immune system, our knowledge as to the network (signature) of immune function genes orchestrating tumor promotion or inhibition is very limited. Without this knowledge, accuracy of predicting breast cancer outcomes following initial therapy would be limited by omitting one of the key components of tumor microenvironment, i.e., infiltrating immune cells.
Recently, we conducted pre-clinical studies using the FVBN202 transgenic mouse model of breast carcinoma and determined that a network of immune function genes in the tumor microenvironment could predict tumor progression, tumor relapse, or relapse-free survival [13] . These findings led to the present retrospective study in breast cancer patients for whom we had outcome data available. Based on our preclinical findings, we hypothesized that distinct networks (signatures) of immune function genes expressed by tumor-infiltrating and/or tumor-associated cells at the time of diagnosis could predict breast cancer recurrence or relapse-free survival following conventional therapies, and could offer immunotherapeutic strategies to overcome tumor relapse.
Materials and methods

Clinical specimens
Tissue specimens were collected from female breast cancer patients before any treatment and maintained in the VCU Massey Cancer Center Tissue & Data Acquisition and Analysis Core (TDAAC) over the past 7 years. According to the follow-up history thus far, we have corresponding annotated patient outcome data available which can stratify the patients into 1-5 years relapse (n = 8) and up to 7 years relapse-free survival (n = 9). Frozen tissues were used for RNA extraction, and paraffin-embedded tissues were used for immunohistochemistry (IHC) staining. Two pathologists identified specimens that contained 10-70% tumor-infiltrating cells for analysis of immune function genes. Variation in the percent infiltrating cells among specimens was due to different methods of tumor collection used. These studies have been reviewed and approved by the Institutional Review Board (HM10920 and 2471-Tissue Acquisition System for Cancer Research) at Virginia Commonwealth University.
RNA amplification, probe preparation, and microarray hybridization For expression studies based on oligo array techniques, total RNA from tumors was amplified into antisense RNA (aRNA) as previously described [14, 15] . Reference control in human arrays was obtained by pooling peripheral blood mononuclear cells (PBMC) from four normal donors. Both, human reference and test total RNA were amplified into antisense RNA in large amounts using identical conditions [14, 15] . Confidence about array quality was confirmed as previously described [16] . For 36 k human array performances, both reference and test aRNA were directly labeled using ULS aRNA Fluorescent Labeling kit (Kreatech) with Cy3 for reference and Cy5 for test samples. Whole-genome human 36K oligo arrays, representing 25,100 unique genes of the Operon Human Genome Array-Ready OligoSet version 4.0, were printed in house, using oligos purchased from Operon. The design is based on the Ensembl Human Databasebuild NCBI-35c with a full coverage on the NCBI human Refseq dataset (04/04/2005). Hybridization was carried out in a water bath at ?42°C for 20 h, and the arrays were then washed and scanned on an Agilent Microarray Scanner. Resulting data files were analyzed using BRBArray-Tools developed by the Biometric Research Branch, National Cancer Institute, National Institutes of Health and visualized using Cluster and TreeView software. The global gene expression profiling consisted of 17 experimental samples. Subsequent filtering (80% gene presence across all experiments) selected 9797 genes for further analysis. Gene ratios were average corrected across experimental samples and displayed according to uncentered algorithm.
Statistical analysis
Unsupervised analysis was performed for class confirmation using the BRB-Array-Tools and Stanford Cluster Program. Class comparison was performed using parametric unpaired Student's t test or three-way ANOVA to identify genes differentially expressed among relapse and relapse-free groups using different significance cutoff levels as demanded by statistical power of each comparison. Statistical significance and univariate and multivariate permutation test as previously described [17] . Functional gene network analysis was performed using the Ingenuity Pathway Analysis system (IPA) which transforms large data sets into a group of relevant networks containing direct and indirect relationships between genes based on known interactions in the literature.
Complete leave-one-out cross validation model Models to predict which breast cancer patients are likely to relapse were developed using BRB-Array-Tools [18] . Complete leave-one-out cross validation-(LOOCV) based prediction accuracy estimates were 100% for the compound covariate predictor (CCP) and the diagonal linear discriminant analysis (DLDA) classifier. CCP is a weighted linear combination of log-ratios for genes that are univariately significant at the specified level. The univariate t-statistics for comparing the classes are used as the weights. DLDA is a version of linear discriminant analysis that ignores correlations among the genes to avoid overfitting the data. Based on 1000 random permutations, the CCP and the DLDA classifier both had P value of 0.001.
Immunohistochemistry
Immunohistochemistry of paraffin-embedded tumor specimens was performed using Dako automated immunostainer (Dako, Carpinteria, CA). We used anti-human antibodies towards CXCL10 (Santa Cruz Biotechnology, 1:300), signal transducer and activator of transcription 1 (STAT1) (BD Biosciences; 1:100), guanylate binding protein 1 (GBP1) (Abnova, 1:75), granzyme A (GZMA) (SeroTec, 1:50), and CD19 (Abcam, 1:1000) which represent T and B cell responses as well as antigen presentation pathways.
The antigen retrieval was achieved using a rice steamer. In order to circumvent the endogenous biotin activity, we used Dako Envision Dual Link System-HRP (Dako, Capinteria CA) in a two-step IHC technique, based on HRP labeled polymer which is conjugated with secondary antibodies. The labeled polymer does not contain avidin or biotin, thereby avoiding the non-specific endogenous avidin-biotin activity in the sections.
Real-time PCR
The RNAs were extracted using Trizol as previously described by our group [13] . The cDNA was prepared from 1 lg of total RNA using the Superscript II Kit (Invitrogen) with a dT18 oligonucleotide primer at 42°C for 2 h. The SensiMix SYBR & Fluorescein Kit (BIOLINE, Taunton, MA) was used according to manufacturer's instructions, and real-time PCR was performed using the Bio-Rad's realtime PCR detection system. Primers for GAPDH, CXCL10, interferon regulatory factor 1 (IRF1), GBP1, and IL-7 Ra were described previously (19) (20) (21) (22) 
Results
Patients at high risk or low risk of tumor recurrence show distinct clustering of genes in the tumor microenvironment at the time of diagnosis
We have previously shown that microarray analysis of immune function genes in the tumor microenvironment of a mouse model of breast carcinoma had prognostic value for predicting tumor rejection, tumor progression, and recurrence [13] . In this study, we sought to determine whether taking a similar approach with a focus of the specimens with tumor-infiltrating cells may predict disease outcome in breast cancer patients. We performed total RNA extraction from frozen tumor specimens with at least 10% infiltrating cells derived from the patients with no evidence of recurrence up to 7 years follow-up (n = 9) and those with recurrence in the first 5 years of follow-up (n = 8). All patients included in this discovery group had differences in age, ethnicity, tumor stage, and status of ER, PR, or HER-2/ neu in their tumors (Supplementary Table 1 ). Microarray analyses were performed on the amplified RNA using 36K oligo human arrays. Genes with missing values[80% were excluded from further analysis trimming the final working set to 9797 genes. Unsupervised clustering showed strong differences between the two groups of patients (Fig. 1a) . Multiple dimensional scaling based on the complete data set demonstrated that the relapse-free group (red color) segregated completely in Euclidian space from those who had suffered a relapse (green color) (Fig. 1b) .
Differential expression of immune function genes at the tumor microenvironment is associated with breast cancer outcome
In order to determine overall differences between relapse-free and relapsed patients, direct comparison between the two clinical outcomes was performed using Student's t test with 10000 random permutations test. The differentially expressed genes were selected based on permutation P value \ 0.005 and parametric P value \ 0.001. The comparison identified 349 genes differentially expressed between the two groups with the zero probabilities of getting at least 349 genes significant by chance (at the 0.001 level) if there are no real differences between the relapse and relapse-free group (Global test P value = 0). Among the 349 genes, 299 were upregulated in relapse-free patients compared to relapsed patients ( Fig. 2 and Supplementary Table 2 ). These genes included a dominant cluster of co-modulated genes involved in T-cell response (CXCL10, CXCL9, GZMA, GZMB, HLA-B, HLA-C, CCR7, AIM2, APOE, GBP1, and IL7R), B cell activation (CD19, C1QA, and CD8A), and antigen presentation (APOE, CD74, CR1, IL23A, and STAT1). In addition, genes such as cytotoxic T lymphocyte antigen 4 (CTLA-4) Fig. 1 Unsupervised gene clustering. a Unsupervised cluster visualization of genes differentially expressed among relapse (n = 8) and relapse-free (n = 9) patients. Tumors were hybridized to 36K oligo human array. Genes with at least 80% presence among all samples (9797) were projected using log2 intensity. and IL-23 Ra that are involved in negative regulation of effector immune responses were also upregulated in relapsefree patients (Supplementary Table 2) . Conversely, 50 genes that were downregulated in relapse-free patients were not associated with immune function except for a few genes involved in viral defense mechanisms (integrin B5-ITGB5) (Supplementary Table 3) . A heat map of the gene signature, identified by Student's t test P \ 0.001 showed a perfect segregation of the two groups of patients (Fig. 2) . Interestingly, none of these genes was found in the 70-gene MammaPrint signature or 16-gene Oncotype DX panel. Moreover, among the selected 9797 genes derived from 80% filtering, we could find 16 (out of 70) and 13 (out of 16) genes belong, respectively, to MammaPrint and Oncotype DX panel. An unsupervised cluster based on the 16 MammaPrint genes (Fig. 3a) and on 13 Oncotype DX genes (Fig. 3b) did not show a clear segregation between relapse and relapse-free groups. On the contrary, Complete LOOCV-based prediction model applied to the 349 genes derived from the Student's t test p \ 0.001 identified the genes IGK@ (IGKC), GBP1, STAT1, IGLL5, and OCLN as best predictor of relapse or relapse-free survival (Fig. 3c) . Among these five genes, the first four were selected in all LOOCV models, while OCLN was the only missed one in all LOOCV models, reflecting very stable feature sets. Unsupervised clustering based on these five genes showed a perfect segregation between relapsed and relapse-free patients.
Detection of distinct immune function pathways at the time of diagnosis can predict relapse-free survival in breast cancer patients
The pathway analysis was performed on the 349 genes in the supervised comparisons using the gene set expression comparison kit implemented in BRB-Array-Tools. The human pathway lists determined by ''Ingenuity System Database'' were selected. Samples with no recurrence showed significant upregulation of genes involved in antigen presentation pathway, allograft rejection, graft-versushost disease (GVHD), B cell development, dendritic cell maturation, and interferon signaling (Fig. 4) . Interestingly, genes involved in T-cell apoptosis, immunodeficiency signaling, CTLA-4 signaling and production of NO, and reactive oxygen species were also upregulated in the tumor specimens of the patients with relapse-free survival. Most relevant pathways are listed in Supplementary Fig. 1a- e. An independent cohort of patients were also included in the validation group, and confirmatory real-time PCR was performed on the selected genes representing IFN-stimulated genes (ISGs) and T-cell response (CXCL10, GZMA, GZMB, IL-7 Ra, and IRF1) as well as the 5-gene signatures identified as best predictor of relapse or relapse-free survival. We used RNAs extracted from tumor lesions of 12 patients who served as validation group (seven with relapsefree survival and five with relapse). Patients with relapsefree survival had significantly higher expression of the immune function genes ([85% with an exception of patient#6) compared to the patients with relapse (Fig. 5) .
In order to determine cellular sources of genes representing immune function pathways, IHC analysis of paraffin-embedded tumor specimens was performed according to the availability of commercial Abs and also intensity of the genes that would allow detection of their protein products. The IHC further confirmed higher expression of CXCL10, STAT1, GBP1, GZMA, and CD19 in the relapse-free group compared to those from the relapse group: human tonsils are shown as positive controls (Fig. 6a) . CXCL10 was expressed both in infiltrating cells and tumor cells of relapse-free patients while it was weakly expressed in tumor cells of patients with relapse. STAT1 showed strong staining in infiltrating cells and tumor cells of relapse-free group while it was expressed to a lesser extent mainly in infiltrating cells of the relapse group. GBP1 was expressed primarily in the infiltrating cells and also in tumor cells of the relapse-free group while it was weakly expressed only in tumor cells of the relapse group. GZMA was barely detectable even in human tonsils, yet it was detected only in tumor-infiltrating cells of the relapsefree group. The CD19-positive infiltrating cells were also present at a higher frequency in the tumor lesions of patients with relapse-free survival compared to only Fig. 6b , there were significant differences between the two groups in the expression of CXCL10 (P = 0.013), STAT1 (P = 0.033), GBP1 (P = 0.005), GZMA (P = 0.010), and CD19 (P = 0.046).
Discussion
We showed that microarray analysis of breast tumor specimens with tumor-infiltrating cells can detect a network of 349 genes which included 299 genes encompassing immune function genes that had a prognostic value in a diverse cohort of breast cancer patients. Importantly, among these genes a 5-gene signature [IGK@ (IGKC), GBP1, STAT1, IGLL5, and OCLN] was identified as best predictor of relapse-free survival with [85% accuracy. Although limitation with the availability of clinical specimens and the patients outcome data did not allow including a larger cohort of specimens in the validation group, such a significant predictive value in a diverse cohort of the patients is promising and has led to an ongoing prospective studies. The network of immune function genes that were exclusively upregulated in the tumor lesions of breast cancer patients with relapse-free survival included those involved in B cell development, interferon signaling associated with allograft rejection and autoimmune reaction, antigen presentation pathway, and cross talk between adaptive and innate immune responses. On the other hand, these genes were downregulated in tumor specimens of patients with subsequent relapse, compared to those in the standard PBMC. Interestingly, genes involved in primary immunodeficiency signaling, T-cell apoptosis, CTLA4 signaling and production of NO, and reactive oxygen species were also upregulated in the tumor specimens of relapse-free patients. Such paradoxical findings as to simultaneous upregulation of immune effector genes and immune suppressor genes may suggest that tumor-derived factors were responsible for the expression of immune suppressor genes thereby facilitating cancer progression even in the presence of the increased immune effector genes. However, removal of breast tumors by conventional therapy must have eliminated the source of immune suppressive factors and resulted in downregulation of the suppressor genes; subsequently, the immune effector genes may have protected the patients from their residual micrometastases and relapse. This possibility is supported by our preclinical findings [23] [24] [25] as well as others [26, 27] , showing that primary tumors secrete soluble factors including GM-CSF, VEGF, and MCP-1 that result in increases in myeloid-derived suppressor cells (MDSCs) Fig. 4 Ingenuity pathway analysis. Forty-six canonical pathways significant at the nominal 0.001 level of the unpaired Student's t test. The P value for each pathway is indicated by the bar and is expressed as -1 times the log of the P value. The line represents the ratio of the number of genes in a given pathway that meet the cutoff criteria divided by the total number of genes that make up that pathway such that successful immunotherapy was not possible unless MDSCs were depleted or reduced by chemotherapy or shrinking of the primary tumors. Real-time PCR analysis of selected genes in a validation cohort of patients showed significant differences between two groups in the expression of immune function genes. Importantly, variability within a group in the expression of a single immune function gene suggests that a signature rather than a single gene can predict relapse-free survival.
This novel signature associated with favorable outcome included 299 genes encompassing the immune function genes that were distinct from the 70-gene MammaPrint signature and from 16-gene signature of the Oncotype DX panel. Moreover, an unsupervised clustering based on MammaPrint and Oncotype DX genes did not show a clear segregation between relapsed and relapse-free groups. Oncotype DX was originally validated in the patients with ER? and node-negative tumors, though it is now being expanded to patients with node-positive breast cancer. Therefore, it was not surprising that Oncotype DX could not segregate the patients in this study, because of majority of these patients were ER negative and/or node positive. Interestingly, a perfect segregation was shown by an unsupervised cluster analysis based on 5 genes (IGK@, GBP1, STAT1, IGLL5, and OCLN) among the 299 genes which were identified by the LOOCV prediction model as best predictor of relapse or relapse-free survival. Real-time PCR also confirmed higher expression of these 5 genes in a greater than 85% of patients with relapse-free survival.
The IHC analysis of tumor specimens further confirmed upregulation of the immune function genes representing immune mechanism pathways mainly in tumor-infiltrating cells of the relapse-free group. For instance, CXCL10 and GBP1 are ISGs that showed strong staining in tumor-infiltrating cells of relapse-free patients compared to the relapsed group. CXCL10 binds CXCR3 on DCs, macrophages, and T cells. Increased expression of CXCL10 in tumor lesions of relapse-free patients may suggest CXCL10-induced DC maturation and antigen cross presentation that results in Th1-type immune responses [28] . GBP1 is a key mediator of angiostatic effects of the immune responses, inflammation, in particular, and its expression in the tumors and tumor-infiltrating immune cells is associated with favorable prognosis [29] , as was the case in our study. As expected, upregulation of these ISGs in relapse-free patients compared to relapsed groups was associated with higher expression of STAT1 and IRF1 genes as well as an increased expression of nuclear STAT1 in their tumorinfiltrating cells. However, nuclear expression of STAT1 in tumor cells was comparable between the two groups. This may explain progression of primary breast cancer in the two groups. It was shown that increased nuclear STAT1 resulted in the induction of apoptosis in the tumors [30] as well as the metastatic ability of the tumors that escaped from apoptosis [31] . GZMA and GZMB which are involved in T-cell responses and the GVHD pathway as well as CD19 which is involved in B cell response were also uniformly increased in tumor lesions of relapse-free patients. Although there was a significant difference between the two groups in the expression of each molecule, a panel of differentially expressed molecules, i.e., signature of immune function genes provides more valid prognostic marker when compared to one molecule alone.
Our findings as to the prognostic value of immune function genes are consistent with those reported by Rody et al. [12] . However, they found T cells as predictor of a favorable prognosis. Such discrepancies are due to different approaches and experimental design. Rody et al. [12] determined correlation of T cell infiltrates with survival in patients with ER-negative and HER2-positive tumors and validated their findings by IHC only in tissue specimens from the patients with favorable prognosis. We performed comparative analysis between two cohorts of patients and also validated our signature in the two cohorts to determine whether some patients with relapse may also show expression of the immune function genes in their tumors. Our data suggest that the 5-gene signature of immune response (IGK@, GBP1, STAT1, IGLL5, and OCLN) can not only be used as prognostic biomarker for breast cancer patients but it would also offer therapeutic strategies for preventing breast cancer recurrence. Absence of the 5-gene signature in the tumor lesions at the time of diagnosis suggests that the patients may be at a high risk of relapse. Our data suggest that prospective studies need to be conducted to determine whether the patients with high risk of relapse may benefit from neoadjuvant immunotherapy.
